ABSTRACT: The coordination of the P-stereogenic and sterically demanding bisphosphine QuinoxP* to μ-alkyne dicobalt hexacarbonyl complexes was studied experimentally and computationally. Whereas the coordination occurred exclusively in a chelating fashion, the diastereoselectivity was highly substrate dependent. However, it could be explained from the computed structure and energies of the different coordination modes. The fluxional behavior of these complexes was also studied computationally. Their performance as catalysts for the Pauson−Khand reaction was explored, and outstanding reactivity was observed. Although the asymmetric induction was low to moderate, the stereochemical outcome could be mechanistically rationalized. This report provides promising results in terms of reactivity and mechanistic understanding for further developments of highly active chiral catalysts for intermolecular Pauson− Khand reactions.
■ INTRODUCTION
Dicobalt octacarbonyl is one of the most popular dinuclear complexes bearing a metal−metal bond, which has been used in a wide range of carbonylative 1 and noncarbonylative processes. 2 Particularly, μ-alkyne dicobalt hexacarbonyl complexes have found many uses, including applications in polymer science 3 and biomedicine. 4 Furthermore, they have become invaluable tools in organic synthesis, as alkyne protecting groups (or stabilizing groups for strained cycloalkynes), 5 or as key components in [2 + 2 + 2] cycloadditions, 6 Nicholas reactions, 7 and Pauson−Khand reactions (PKRs). 8, 9 Their structure consists of a tetrahedral core, 10 in which the alkyne coordinates to both cobalt atoms in a μ-η 2 :η 2 fashion and the remaining CO ligands complete the coordination spheres, in such a way that these complexes belong to the C 2v symmetry point group, when the alkyne is symmetrically substituted. If the alkyne is not symmetrical, the C 2 axis is then lost and the two homotopic cobalt atoms become enantiotopic.
Several efforts have been devoted to the desymmetrization of these alkyne dicobalt clusters by using chiral ligands or reagents for applications in asymmetric synthesis.
11 Although the substitution of CO's by chiral ligands can give rise to multiple coordination modes, this number is normally reduced to one or two diastereomers due to fluxional processes which interconvert equatorial (eq) and axial (ax) positions within a cobalt atom ( Figure 1 ). 12 Bidentate ligands can bind to the same cobalt atom in a chelated (κ 2 ) fashion or to both cobalt atoms in a bridged (μ-
) fashion. 13 For unsymmetrical alkynes there could be up to 4 bridged and 12 chelated possible diastereomers that would be reduced to 2 bridged and 6 chelated isomers using C 2 -symmetric ligands.
14 However, in most cases due to selectivity and fluxionality, the number of diastereomers is reduced to only 2.
The coordination mode of bidentate ligands is actually crucial in the reactivity of the complexes. Furthermore, their Figure 1 . Nomenclature of the different CO positions (supposing that R has higher priority than R′) and formation of stereoisomeric alkyne dicobalt complexes when introducing a chiral monodentate ligand (L*).
properties and stability can also vary significantly. An illustrative example are the BINAP-(μ-alkyne)dicobalt carbonyl complexes reported independently by Laschat 15 and Gibson. 16 From tertbutylacetylene only a bridged isomer was obtained, whereas for less hindered alkynes (such as acetylene, phenylacetylene, and methyl propiolate) and enynes chelated isomers are selectively formed. Remarkably, the reactivity of the bridged BINAP-(μ-t BuCCH)-Co 2 (CO) 4 complex in the Pauson−Khand reaction is practically nonexistent, whereas for the chelated examples the reaction occurs in moderate yields.
Although several efficient systems have been developed for the asymmetric intramolecular reaction, 14b,17 the intermolecular PKR has proven to be much more challenging. In general, the poor reactivity of bisphosphine complexes in the Pauson− Khand reaction is one of the principal reasons for the scarce presence of these complexes in the literature, with only few examples that show significant activity in the intermolecular PKR 14a,18 using electron-poor bisphosphines. Our group has developed several chiral bidentate bridging hemilabile (P,S) ligands which gave outstanding results in terms of enantioselectivity in the intermolecular PKR. 19 However, the Co complexes of these ligands had to be used stoichiometrically, since they gave poor enantioselectivities in the catalytic version of the reaction. 20 Very recently our group reported the first Co-catalyzed example with good yields and useful levels of enantioselectivity using the novel bisphosphine ThaxPHOS. 18 The range of alkynes, however, was limited to silylacetylenes. These inspiring results in terms of activity and enantioselectivity prompted us to study other bisphosphine cobalt complexes in order to deeply understand the behavior of these complexes. This would ultimately enable us to design proficient and more general chiral catalysts for the catalytic and intermolecular PKR.
We decided to use the bulky P-stereogenic C 2 -symmetric ligand QuinoxP*, developed by Imamoto and co-workers, 21 as it has been proved to provide excellent results in a wide range of asymmetric transformations. 22 Furthermore, the proximity of the chiral centers to the metal, the significant steric hindrance, and the relatively electron poor character given by the quinoxaline ring, made QuinoxP* a promising ligand to develop efficient PKR catalysts and an interesting case study to analyze all these effects in μ-alkyne dicobalt complexes, as well as to gain a deeper insight into these useful complexes. Hence, we describe herein the synthesis, coordination study, and catalytic activity of QuinoxP*(CO) 4 -μ-alkyne dicobalt complexes.
■ RESULTS AND DISCUSSION
Synthesis and Stability of QuinoxP* Complexes. As a representative set of terminal alkynes, we selected acetylene (1a), 1-decyne (1b), phenylacetylene (1c), 2-methylbut-3-yn-2-ol (1d), and trimethylsilylacetylene (1e). The starting μ-alkyne dicobalt hexacarbonyl complexes 2 were prepared by mixing Co 2 (CO) 8 with the corresponding alkynes in hexane. In the case of (μ-HCCH)-Co 2 (CO) 6 , acetylene gas was bubbled into a Co 2 (CO) 8 solution. The complexes obtained can be purified by filtration through silica to remove the remaining unreactive cobalt decomposition to afford the pure desired complexes in excellent yields (see Table S1 in the Supporting Information).
Once the hexacarbonyl complexes were prepared, QuinoxP* complexes 3 were subsequently synthesized by ligand substitution of two carbonyl ligands. The initial yields obtained were low; therefore, a screening to find the optimal conditions was performed. No reaction was observed at room temperature; thus, higher temperatures were required. The optimal conditions found were heating at 70°C for 5 h (in some substrates longer reaction times are not detrimental) and purging the system (with N 2 or vacuum cycles) every ca. 30 min, to avoid CO overpressure and facilitate the substitution. However, total elimination of the CO (i.e., under constant N 2 flow) destabilizes the complexes. Working on a small scale and filtering the starting hexacarbonyl complex through a silica plug immediately before the reaction usually provides the best yields (Table 1) . These complexes are relatively unstable, producing small amounts of paramagnetic cobalt that hinder their characterization by NMR (see Figure S1 in the Supporting Information).
Characterization and Structural Analysis. All complexes 3 were fully characterized by conventional techniques ( 1 H, 31 P, and 13 C NMR, IR, and MS). In all cases, except for the symmetric 3a, two diastereomers were observed by NMR (Figure 2 ). Remarkably, for complex 3e or 3d with a TMS or CMe 2 OH substituent, one diastereomer was greatly favored. The selectivity decreased in the case of 3b (n-octyl) and 3c (Ph). Apparently, the bulky substituents on the alkyne increase the diastereoselectivity of the coordination.
Complex 3c showed a distinctive equilibration behavior. When the reaction was performed with heating for 4 h, a ca. 1:1 mixture of diastereomers was obtained. However, if the mixture was heated for 6−7 h, equilibration between the two 4 Complexes diastereomers occurred to afford a ca. 3:1 diastereomeric mixture. Heating overnight yields a ca. 4:1 mixture of diastereomers, in which the major diastereomer is the one whose X-ray structure was obtained (vide infra). In order to discern the coordination mode (bridged, chelated, or a mixture of both), the NMR spectra gave little information. Nonetheless, the alkyne proton appeared as a doublet of doublets (dd) with coupling constants approximately in the range 4 J H−P = 6.5−8.5 Hz and
4
J H−P = 1.8−3.8 Hz, respectively. This fact would be consistent with the presence of chelated isomers, since the coupling constants with an axial and an equatorial phosphorus would be significantly different.
An FT-IR analysis was then performed, and we were pleased to see that for all cases the CO stretching bands were practically identical. The presence of a mixture of bridged and chelated isomers was then discarded. In the case of complexes 3c and 3b, the possibility of two bridged diastereomers was considered unlikely, since the fluxional processes would favor the trans over the cis form. For these reasons, we hypothesized that the coordination of QuinoxP* occurred exclusively via chelation.
In order to gain a deeper insight into these QuinoxP* complexes, molecular orbital calculations were performed. The geometries of the different bridged and chelated diastereomers of QuinoxP* dicobalt complexes were optimized using density functional theory (DFT) implemented in the Gaussian09 program package. 23 The calculations were done using the B3LYP functional and the standard 6-31+G(d,p) basis set. The energies of all possible diastereomers of the cobalt complexes 3a−e are shown in Table 2 .
For symmetrical alkynes such as acetylene, up to four stereoisomers (one bridged and three chelated) are possible. However, by fluxionality between the three chelated isomers bound to the same cobalt atom (ax-eq cis , eq cis -eq trans , and axeq trans ) this number would be reduced to two: just one bridged and one chelated isomer. In the case of the acetylene cobalt Cobalt atoms in complex 2a are homotopic. In this particular case, the pro-S/pro-R notation is inappropriate, but it was kept for the sake of generalization with the other substrates. Thus, for 3a, chelated_pro-R (ax-eq trans ), chelated_pro-S (ax-eq trans ), and chelated_pro-R (eq-eq) are in fact conformers that can be interconverted through turnstile rotation.
b Energies in kcal/mol are referenced to the most stable chelated trans diastereomer. complex 3a only one set of signals was observed by NMR (see Figure 2 ). According to the calculations the most stable isomer is an axial−equatorial chelated complex which is 11.4 kcal/mol more stable than the bridged complex. Therefore, we assumed that those signals correspond to the chelated complex.
For terminal alkynes, two bridged and six chelated complexes were located. Gratifyingly, several trends could be observed. First, the chelated ax-eq trans diastereomers were always the most stable (6−11 kcal/mol lower than the bridged isomer). This can be explained taking into account the size of linker between both phosphorus atoms. The coordination mode (bridged or chelated) is crucially determined by this factor. For instance, for one-atom linkers the coordination is exclusively bridged, since a chelated coordination would afford a strained four-membered ring. 24 According to the present calculations, the linker with two (planar carbon) atoms affords the chelated coordination with the corresponding formation of a five-membered ring. The formation of the bridged isomers is not favored because this type of linker is too small to permit a geometrically unstrained six-membered ring. For bigger linkers, as in the case of BINAP, although the chelated isomer is normally favored, the linker also allows nonstrained bridged coordination modes. For this reason, for tert-butylacetylene complexes with BINAP the bridged isomer is obtained, 15 since this disposition minimizes the steric clash of the ligand with the bulky tert-butyl group.
The chelated equatorial−equatorial isomers were found to be 3.5−7.9 kcal/mol less stable than the most stable axial− equatorial stereoisomers. As could be expected for steric reasons, the chelated ax-eq cis complexes were 1.5−5.1 kcal/mol less stable than the trans species. Therefore, the two most stable stereoisomers were the ax-eq trans form chelated to either the pro-R or the pro-S cobalt atom (Figure 3 ).
In the case of 3b a n-propyl chain was used as a model of the n-octyl chain to reduce the computational cost. In this case both ax-eq trans stereoisomers were nearly equal in energy. However, for 3c−e the difference increased to 1.2, 1.9, and 1.4 kcal mol −1 , respectively, toward the complex with the S,S ligand chelated to the pro-R cobalt atom (Table 2 and Figure 3) .
Most gratifyingly, the X-ray diffraction of the major diastereomer of complex 3c (Figure 4) showed a trans-axial− equatorial chelated geometry in complete agreement with the most stable calculated geometry. Moreover, the employed level of theory accurately reproduced the experimental geometry, since the difference in the key geometric parameters (bond distances and angles) between the computed and the experimental structures (X-ray) was less than 1% (Table S1 in the Supporting Information).
In summary, the calculations nicely reproduce the experimental mixture of complexes observed by 31 P NMR. For complexes 3d,e, the difference between the two diastereomers (ax-eq trans diastereomers) is around 1.4−1.9 kcal/mol, and one diastereomer is mainly observed. For 3c, with a difference of around 1.2 kcal/mol, both diastereomers are formed, but equilibration between them occurs to afford an enriched mixture of the most stable diastereomer. Finally, for complex 3b (in the calculations the octyl chain has been replaced by a propyl chain to avoid excessive computational cost) there is practically no energetic difference between diastereomers, and both are experimentally obtained and no equilibration is observed. We can then conclude that there is a thermodynamic control in the coordination of ligands to alkyne dicobalt complexes. The equilibration observed for complex 3c, as well as many other reported examples of this behavior, 18−20 strongly support this conclusion, allowing DFT calculations to become a useful predictive tool for the diastereoselectivity of the coordination of chiral ligands to these complexes, by solely computing the energies of the products (alkyne-Co 2 (CO) n -L n complexes). Nonetheless, it must be taken into account that in this case the computed energetic differences are rather small, . X-ray structure of the major diastereomer of complex 3c from (S,S)-QuinoxP*: ORTEP drawing showing 50% probability ellipsoids. The elucidated structure corresponds to the pro-R ax-eq trans chelated isomer.
Organometallics
Article and although they are systematically consistent with the experimental results, cannot be used in quantitative trends. Fluxionality of QuinoxP* around a Single Cobalt Center. For the symmetric complex 2a, derived from acetylene, both cobalt centers are homotopic. Thus, coordination of (S,S)-QuinoxP* to either Co center provides a single stereoisomer. However, coordination of the bisphosphine ligand around the cobalt atom gives rise to three possible diastereomeric conformers (eq-ax/ax-eq′/eq-eq′, Scheme 1).
While the 31 P NMR spectrum of complex 3a showed a single set of signals corresponding to each diastereotopic phosphorus atom (see Supporting Information), calculations suggested that the eq-ax/ax-eq′ conformers were almost equal in energy (Table 2 ). These results implied that there had to be lowenergy fluxional pathways which interconverted both conformers.
With the aim of studying more in detail the fluxional processes occurring in chelated bisphosphine-(CO) 4 -μ-alkyne dicobalt complexes, we decided to perform a computational search for the barriers of turnstile rotation in complex 3a. A scan of the potential energy surface of rotation was performed, and as expected, single barriers between conformers were observed. The barrier between the ax-eq′/eq-eq′ and eq-ax/eqeq′ conformers was higher (around 11 kcal/mol) than the barrier between ax-eq′/eq-ax conformers. Thus, there is a lowenergy pathway of direct interconversion between ax-eq′ and eq-ax diastereomeric conformers. Nevertheless, the longer interconversion pathway with two barriers going through the eq-eq′ intermediate is not excessively disfavored; therefore, at room temperature complete turnstile rotation should occur (Chart 1).
In order to better characterize the fluxional process, the lowest energy transition state (TS1) between eq-ax/ax-eq′ conformers was specifically computed, showing it to be 9.2 kcal/mol higher in energy than the lowest energy conformer. It should be highlighted that the computed potential energy is very similar to the value obtained for the dihedral angle scan. While for the three minima the cobalt atom bearing the bisphosphine ligand has a pseudo-octahedral geometry, for TS1 it adopts a pseudo-trigonal-prismatic geometry ( Figure 5 ). For the sake of comparison, the turnstile rotation of the three CO ligands attached to the other cobalt atom of complex 3a was also examined. The potential energy barrier obtained (in the scan analysis) was just around 3 kcal/mol, which implies extremely fast rotation. Logically, the rotation of QuinoxP* is slower, but it is fast enough to experimentally observe a single set of signals for complex 3a.
Catalytic Performance. Cobalt QuinoxP* complexes 3 were then evaluated as catalysts for the intermolecular Pauson− Khand reaction of alkynes 1b−j. Since after the first catalytic cycle all catalysts should perform the same way, we used 3a,c as catalysts for practical reasons. In this way, the yield obtained is truly from the catalytic reaction, since the first cycle affords a different adduct. The results are summarized in Table 3 . Except for the more hindered alkynes (1d,e,h), we were delighted to observe that our catalysts were highly active PKR catalysts. In general, the desired products were obtained in excellent yields and purity with 3−7% mol catalyst loading. The lack of reactivity of more hindered alkynes could be attributed to excessive steric encumbrance of the ligand and the bulky TMS or −C(Me) 2 OH groups. In the case of propargyl acetate (see entry 6, Table 3 ) a remarkable 40% yield was obtained. It should be noted that this is a difficult substrate for PKR since the stoichiometric PKR under either thermal or NMO activation gives very poor yields. For the more demanding internal alkyne (see entry 9, Table 3), the reaction rate is slower but the yield after 16 h is also good. Thus, we can conclude that QuinoxP*-Co 2 complexes are highly active catalysts in the intermolecular Pauson−Khand reaction of nonbulky alkynes. The steric hindrance imparted by the ligand seems to boost the PKR yields, except for very hindered alkynes. In those cases, the excessive hindrance proved to be deleterious. The enantioselectivity of the reactions was then analyzed by chiral HPLC (Table 3) . Although the enantiomeric excesses obtained were low to moderate, it is noteworthy that for 1-decyne (1b, entry 1, Table 3 ) and cyclopropylacetylene (1i, entry 8, Table 3 ) the asymmetric induction was significant, these results being the best enantioselectivities reported to date for substrates with alkyl chains. 18 For all cases in which the induction was significant, the optical rotation was observed to be dextrorotatory (+) when (S,S)-QuinoxP* was employed. Since the substituent of the alkyne has little effect on the optical rotation of these PK adducts, we assigned the absolute configuration of these adducts to be (+)-(S,S,S,R)-IV, as shown in Scheme 2. 13 The stereochemical outcome observed can be rationalized by taking into account the accepted mechanism for the intermolecular PKR, 25 as well as the stereochemical pathway that links the coordination of the olefin to the absolute configuration of the final adduct. 12 We needed to assume that anti cobaltacycles are significantly more stable than the syn species, which is supported by calculations. 26 According to this scheme, coordination of the olefin to the pro-S cobalt atom would lead to the (+)-IV adduct, whereas coordination to the pro-R atom would afford its enantiomer. According to our calculations (Table 2) starting from (S,S)-QuinoxP* the most stable diastereomer is that in which the ligand coordinates to the pro-R cobalt atom. Therefore, the olefin should coordinate to the pro-S Co leading to the dextrorotatory isomer (+)-IV as experimentally observed.
■ CONCLUSIONS
Imamoto's P-stereogenic and bulky bisphosphine ligand QuinoxP* was employed successfully in the preparation of μ-alkyne-Co 2 (CO) 4 (QuinoxP*) complexes. Their chelated coordination mode was disclosed both experimentally and computationally, and its turnstile fluxionality has been studied by theoretical calculations. Their activity as PKR catalysts has also been investigated, and remarkable reactivity has been observed. Although the asymmetric induction is still not synthetically useful, the good reactivity and mechanistic insight of this report will help in the future development of new efficient chiral catalysts for the catalytic, intermolecular Pauson−Khand reaction.
■ EXPERIMENTAL SECTION
Computational Considerations. The geometries of the products were optimized using the B3LYP hybrid exchange-correlation functional with the Gaussian09 program suite. Stationary points were characterized depending on their imaginary frequencies (1 and 0 for TSs and minima, respectively). The split-valence 6-31+G(d,p) basis set was employed. The solvent effects were not taken into account, since the reactions were carried out in rather nonpolar solvents.
Experimental Procedures and Characterizations. (R,R)-QuinoxP*-Co 2 (CO) 4 -(μ-HCCH) (3a). Freshly filtered (through a silica plug) acetylene dicobalt hexacarbonyl complex 2a (60 mg, 0.19 mmol, 1.1 equiv) was dissolved in anhydrous toluene (1.5 mL). A solution of (R,R)-QuinoxP* (60 mg, 0.18 mmol, 1 equiv) in anhydrous toluene (3 mL) was then added dropwise. The resulting mixture was stirred at 70°C for 4 h. The system was purged with vacuum/N 2 cycles every 5 min for 30 min, then every 10 min for 1 h, and finally every 30 min for 2.5 h. The crude product was then filtered through an alumina plug, and (S,S)-QuinoxP*-Co 2 (CO) 4 -(μ-HCCPh) (3c). Phenylacetylene dicobalt hexacarbonyl complex 2c (64 mg, 0.16 mmol, 1 equiv) was dissolved in anhydrous toluene (2 mL). A solution of (S,S)-QuinoxP* (55 mg, 0.16 mmol, 1 equiv) in anhydrous toluene (2 mL) was then added dropwise. The resulting mixture was stirred at 70°C for 7 h. The system was purged with a nitrogen flow every 30 min to remove the CO. The crude mixture was filtered through an alumina plug, and the product was purified by column chromatography in silica gel using hexane/EtOAc (from 100/0 to 90/10) as the eluent to afford 3c (as a 3/1 mixture of diastereomers) (76 mg, 70% yield) as a dark red oil. 1 (R,R)-QuinoxP*-Co 2 (CO) 4 -(μ-HCCC(Me 2 )OH) (3d). 2-Methyl-3-butyn-2-ol dicobalt hexacarbonyl complex 2d (98 mg, 0.26 mmol, 1 equiv) was dissolved in anhydrous toluene (5 mL). A solution of (R,R)-QuinoxP* (90 mg, 0.26 mmol, 1 equiv) in anhydrous toluene (2 mL) was then added dropwise. The resulting mixture was stirred at 80°C overnight with a gas outlet. The crude mixture was filtered through an alumina plug, and the product was purified by column chromatography using hexane/EtOAc (from 100/0 to 50/50) as the eluent to afford 3d (56 mg, 33% yield) as a dark red oil. 1 4 -(μ-HCCTMS) (3e). Trimethylsilylacetylene dicobalt hexacarbonyl complex 2e (101 mg, 0.26 mmol, 1 equiv) was dissolved in anhydrous toluene (5 mL). A solution of (S,S)-QuinoxP* (90 mg, 0.26 mmol, 1 equiv) in anhydrous toluene (2 mL) was then added dropwise. The resulting mixture was stirred at 70°C with a gas outlet for 4 h until completion (TLC monitoring). The crude mixture was filtered through an alumina plug, and the product was purified by column chromatography in silica gel using hexane/ EtOAc (from 100:0 to 80:20) as the eluent to afford 3e (80.6 mg, 46% yield) as a dark red oil. 1 13 In a pressure glass tube equipped with a manometer, the corresponding alkyne, norbornadiene, and the catalyst were dissolved in anhydrous toluene under a nitrogen atmosphere. The system was purged with nitrogen and then with carbon monoxide. Finally, the pressure of CO was set to 1.5 BarG and the reaction mixture was heated to the temperature indicated below for the appropriate time. The crude reaction mixture was then filtered through an alumina plug, the solvent was removed under reduced pressure, and the product was purified by flash column chromatography on silica gel to afford the desired compounds.
2-Octyl-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-1-one (4b). 1-Decyne (0.12 mL, 0.70 mmol, 1 equiv), norbornadiene (0.72 mL, 7 mmol, 10 equiv), and the catalyst 3c (34 mg, 0.05 mmol, 0.07 equiv) were dissolved in anhydrous toluene (2.5 mL). The CO pressure was set to 1.5 barG, and the mixture was stirred at 120°C overnight. The crude mixture was then filtered, and the product was purified by flash Organometallics Article column chromatography on silica gel using hexane/EtOAc (from 100/
